Abstract: Cassava is a high potential feedstock for bioethanol production in Asian countries, primarily due to high yield of carbohydrate per unit land, and its ability to grow on marginal lands with minimal agrochemical requirements. The objective of this study was to compare the bioethanol production from cassava starch with corn starch using a conventional and a raw/granular starch hydrolyzing process (GSH). The fermentation performance of cassava starch was compared with three corn starch types with different amylose: Amylopectin ratios. The final ethanol concentration with cassava starch was similar to that of two corn starch types, dent corn and waxy corn for both processes. For the cassava starch, the ethanol concentration achieved with GSH process was 2.8% higher than that in the conventional process. Cassava starch yielded the highest fermentation rates of the four starches investigated, during the conventional process. Ethanol production and fermentation profiles comparable with corn, a widely used feedstock, makes cassava starch an attractive substrate for bioethanol production.
Introduction
Increased energy consumption and raising environmental concerns have led the world to look for alternative energy sources, especially in the transportation sector. Bioethanol is considered as one of the most promising renewable transportation fuels, and is already blended into gasoline in several countries. The global production of bioethanol in 2017 was estimated as 27.05 billion gallons, with the US contributing about 58% (15.8 billion gallons) [1] . Since the economics of bioethanol are highly dependent on the feedstock price, there has been an ongoing effort to search for low cost and easily available raw materials [2] . Most of the bioethanol in the United States is produced from corn. However, some countries, particularly in continental Asia, the use of another starch crop, cassava, for energy purposes is encouraged. Cassava or tapioca (Manihot esculenta), is a plant native to South America, with high nutritional value due to its starchy tuberous roots. Global production of cassava is about 281 million tons a year, with Asia contributing about one third of this production [3] . More than half of this global supply is contributed by Africa, where cassava is a primarily used as a food source. Brazil is third largest producer of cassava in the world [3] . One of the major advantages of cassava is its drought-tolerance and capability of growing on marginal soils and degraded lands, and still containing third highest yield of carbohydrate per hectare after sugarcane and sugar beet [4] . The low agro-chemical requirements reduce the energy input for growth of cassava biomass making the use of this crop energy-efficient. Another species of the same genus (Manihot glaziovii) is also considered considered as a bioethanol source for its ability to grow on non-arable lands [5] . Due to high drought and heat tolerance, high yield of starch, and its capability of growing on poor soils without high maintenance, cassava is thus gaining attention as a bioethanol source all over the world.
The conventional method employed for ethanol production from cassava roots usually requires gelatinization of starch followed by liquefaction and saccharification and consequently fermenting the sugars formed with yeast or bacteria [6, 7] . Apart from the conventional conversion method, raw starch hydrolysis has also been used for production of ethanol from cassava starch using mixed culture of microorganisms [8, 9] . Both processes (conventional and raw starch hydrolysis) are used to convert starch to ethanol for both corn and cassava. Since corn is a well-established feedstock for ethanol in the United States [10] , it is imperative to know the practical yields of cassava in comparison to corn starch to understand the industrial scale feasibility of cassava as a feedstock for bioethanol production. The cost of cassava ethanol is theoretically estimated as $0.237/L [11] . The theoretical ethanol yield (kg/ha/year) from cassava has been estimated as three times that of corn [12] . However, there is a lack of studies comparing the ethanol production experimentally from these two ethanol producing starch crops. Bioethanol production from cassava starch has been attempted with various mixed strains of bacteria and yeast [13, 14] , however, there are limited studies employing process similar to corn dry grind, which is widely used process for bioethanol production in US. Although both cassava and corn share the traits of starchy crops, there are some structural differences in both the starches, which are shown in Table 1 , major one being the ratio of amylose to amylopectin. Amylose is a linear chain polysaccharide of glucose molecules connected by α-1,4 glycosidic bonds, whereas amylopectin is a water soluble, highly branched polymer, where glucose moelecules are connected with α-1,4 glycosidic bonds and the branching takes place with α-1,6 glycosidic bonds, occurring every 24 to 630 glucose units ( Figure 1 ). The extraction of corn starch is complex due to the need for steeping to loosen the protein matrices surrounding the starch, whereas cassava starch is easier to extract due to low quantity of proteins and fats in the tuber [15] . The objective of this study was to compare the fermentation profile and ethanol production of cassava starch with corn starch, using two approaches: the conventional and the granular starch hydrolysis (GSH) process (Figure 2 ). For a broader comparison, three commercially used corn types with different amylose content (dent corn, waxy corn and high amylose corn) were used. Regular The objective of this study was to compare the fermentation profile and ethanol production of cassava starch with corn starch, using two approaches: the conventional and the granular starch hydrolysis (GSH) process (Figure 2 ). For a broader comparison, three commercially used corn types with different amylose content (dent corn, waxy corn and high amylose corn) were used. Regular dent corn starch contains about 20 to 30% amylose and 70 to 80% amylopectin, whereas waxy corn has <5% and high amylose corn has >35% amylose content [16] . dent corn starch contains about 20 to 30% amylose and 70 to 80% amylopectin, whereas waxy corn has <5% and high amylose corn has >35% amylose content [16] . Figure 2 . Schematics of the laboratory-scale conventional dry grind and GSH (granular starch hydrolysis) process for ethanol production.
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Materials
Dent corn starch (Melojel, ~30% amylose), waxy corn starch (Amioca, ~1% amylose), high amylose corn starch (Hylon V, ~65% amylose) and cassava starch (Novation 3600, Ingredion, Indianapolis, IN, USA) were obtained from Ingredion Incorporated (Westchester, IL, USA). Enzymes, including conventional α-amylase (Spezyme ® CL, with reported activity of 15,225 AAU/g; AAU: alpha amylase units), conventional glucoamylase (Distillase ® SSF, with reported activity of 380 GAU/g; GAU: glucoamylase unit), and GSH enzyme (Stargen TM 002, with an activity of 570 GAU/g; GAU: glycoamylase unit), were provided by DuPont Industrial Biosciences (Palo Alto, CA, USA). Conventional active dry yeast was obtained from the Fermentis-Lesaffre Yeast Corporation (Milwaukee, WI, USA). All starch samples and enzymes were stored at 4 °C until use. All the chemicals used were of analytical grade and were purchased from Sigma Aldrich (St. Louis, MO, USA). Figure 2 . Schematics of the laboratory-scale conventional dry grind and GSH (granular starch hydrolysis) process for ethanol production. 
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Materials
Dent corn starch (Melojel,~30% amylose), waxy corn starch (Amioca,~1% amylose), high amylose corn starch (Hylon V,~65% amylose) and cassava starch (Novation 3600, Ingredion, Indianapolis, IN, USA) were obtained from Ingredion Incorporated (Westchester, IL, USA). Enzymes, including conventional α-amylase (Spezyme ® CL, with reported activity of 15,225 AAU/g; AAU: alpha amylase units), conventional glucoamylase (Distillase ® SSF, with reported activity of 380 GAU/g; GAU: glucoamylase unit), and GSH enzyme (Stargen TM 002, with an activity of 570 GAU/g; GAU: glycoamylase unit), were provided by DuPont Industrial Biosciences (Palo Alto, CA, USA). Conventional active dry yeast was obtained from the Fermentis-Lesaffre Yeast Corporation (Milwaukee, WI, USA). All starch samples and enzymes were stored at 4 • C until use. All the chemicals used were of analytical grade and were purchased from Sigma Aldrich (St. Louis, MO, USA). 
Conventional Process
For liquefaction and simultaneous saccharification and fermentation (SSF), a conventional dry grind process as described previously in literature [18, 19] was used, with slight modifications (Figure 2) . In summary, all four starch (30 g) samples were mixed with distilled water to make a slurry with 25% solids on dry basis. All the experiments were performed in triplicate. The pH of the slurry was adjusted to 5.7 using 2 N sulfuric acid, and 10 µL of Spezyme ® CL was added for liquefaction. The liquefaction was performed in shaker water bath at 85 • C for 2 h with continuous agitation at 100 rpm. The liquefied slurry was then transferred in 1-L flask and cooled down to 32 • C and pH was adjusted to 4.2 using 2 N sulfuric acid. Distillase ® SSF (22.56 µL), urea (0.4 g/100 g of starch), yeast malt broth (4 g/100 g of starch), and 5 mL yeast culture (1.8 × 108 cells/mL) were then added for SSF. Yeast culture was prepared by dispersing 11 g of active dry yeast and 1 g yeast malt broth in 89 mL of distilled water and agitated at 50 rpm and 30 • C for 20 min. The broth was fermented at 32 • C for 72 h with continuous agitation at 100 rpm in shaking water bath. Fermentation was monitored by drawing 1-mL sample from the fermentation slurry at 0, 2, 4, 6, 8, 20, 24, 48, and 72 h of SSF.
Granular Starch Hydrolysis (GSH)
GSH of starch slurry (25% dry solids content) was carried out by the method previously described in thecliterature [18, 19] , with slight modifications ( Figure 2 ). To summarize, the pH of slurry was adjusted to 4.2 by using 2 N sulfuric acid and 37.7 µL StargenTM 002 was added to slurry and temperature was maintained at 48 • C for 2 h with continuous agitation at 100 rpm. The slurry was then cooled down to 32 • C followed by pH adjustment to 4.2 using 2 N sulfuric acid. StargenTM 002 (37.7 µL), urea (0.4 g/100 g of starch), yeast malt broth (4 g/100 g of starch), and 5 mL yeast (1.8 × 108 cells/mL) were then added to carry out fermentation. Yeast culture was prepared similarly as described above. The broth was fermented at 32 • C for 72 h with continuous agitation at 100 rpm in shaking water bath. Fermentation was monitored by drawing 1-mL sample from the fermentation slurry at 0, 2, 4, 6, 8, 20, 24, 48, and 72 h of SSF.
HPLC analysis
Samples collected during both conventional and GSH process, were centrifuged (model 5415 D, Eppendorf, Westbury, NY, USA) at 11,000 rpm for 3 min. The supernatant was then filtered through 0.2-µm syringe filter into 1-mL HPLC vials. The vials were immediately stored at −20 • C until analysis. The filtrate was analyzed using HPLC with an ion-exclusion column (Aminex HPX-87H, Bio-Rad, Hercules, CA) and refractive index detector (model 2414, Waters Corporation, Milford, MA, USA). The mobile phase was 0.005 M sulfuric acid at 50 • C at a flow rate of 0.6 mL/min. Each sample was analyzed to determine the concentrations of ethanol, glucose, maltose, maltotriose, and glycerol. The HPLC was calibrated with standards and each sample was injected twice for analysis.
Fermentation Rates and Ethanol Yields
Ethanol concentration was measured and was plotted against time. Fermentation rates were calculated during the initial linear phase of fermentation (up to 8 h) by calculating the slope of the plot. Starch-to-ethanol conversion efficiencies were calculated as the ratio of actual ethanol yields with the theoretical ethanol yield (Equation (1)):
where E Th_EtOH is theoretical ethanol yield, L/kg dry starch; E EtOH is the actual ethanol yield, L/kg dry starch.
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Theoretical yields were estimated based on the starch content, assuming complete starch conversion and 100% fermentation efficiency. Actual ethanol yields were calculated based on methods described elsewhere [20] .
Statistical Analysis
Final ethanol concentration and fermentation rate for all four starches was analyzed by analysis of variance (1-way ANOVA) and Fisher's least significant difference (LSD) tests (SAS version 9.4, Cary, NC, USA). The level selected to show the statistical significance in all cases was 5% (p < 0.05). All the experiments were performed in triplicates.
Results
Conventional Dry Grind Process
The fermentation profiles for all starches during the conventional dry grind process are shown in Figure 3 . The final ethanol concentration for dent corn starch (133.2 g/L) was the highest among the four starches analyzed. However, statistically there was no significant difference in the final ethanol concentrations of the three starches-dent corn, waxy corn and cassava starch-which indicated the suitability of cassava starch to be used as a comparable starch crop for bioethanol production in Asian countries. The ethanol yield with high amylose corn starch was lower than the other three starches. This was expected due to the high amylose:amylopectin ratio in the high amylose corn starch, which has previously been reported to decrease the ethanol yield [21] . Since amylose is a linear chain polymer, it aligns itself with strong hydrogen bonds, making it difficult for the enzymes to act, resulting in reduced hydrolysis of amylose [21] . High temperatures provided during liquefaction of starches in conventional dry grind process assist in breaking down these hydrogen bonds and make the amylose available to enzymes. The final ethanol produced by cassava (124.4 g/L) starch was higher than that reported previously in literature (~71 g/L) [22] . Final ethanol concentration and fermentation rate for all four starches was analyzed by analysis of variance (1-way ANOVA) and Fisher's least significant difference (LSD) tests (SAS version 9.4, Cary, NC, USA). The level selected to show the statistical significance in all cases was 5% (p < 0.05). All the experiments were performed in triplicates.
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Conventional Dry Grind Process
The fermentation profiles for all starches during the conventional dry grind process are shown in Figure 3 . The final ethanol concentration for dent corn starch (133.2 g/L) was the highest among the four starches analyzed. However, statistically there was no significant difference in the final ethanol concentrations of the three starches-dent corn, waxy corn and cassava starch-which indicated the suitability of cassava starch to be used as a comparable starch crop for bioethanol production in Asian countries. The ethanol yield with high amylose corn starch was lower than the other three starches. This was expected due to the high amylose:amylopectin ratio in the high amylose corn starch, which has previously been reported to decrease the ethanol yield [21] . Since amylose is a linear chain polymer, it aligns itself with strong hydrogen bonds, making it difficult for the enzymes to act, resulting in reduced hydrolysis of amylose [21] . High temperatures provided during liquefaction of starches in conventional dry grind process assist in breaking down these hydrogen bonds and make the amylose available to enzymes. The final ethanol produced by cassava (124.4 g/L) starch was higher than that reported previously in literature (~71 g/L) [22] .
About 5 g/L and 1 g/L, glucose was left unconverted in case of dent corn and cassava, respectively; whereas complete conversion was observed for waxy corn and high amylose corn starch (Figure 3) . However, glucose released in the first 8 h is highest for cassava starch (119.5 g/L), indicating better breakdown of starch in to polysaccharides during liquefaction. In contrast, high amylose corn starch released least glucose during fermentation, which can be attributed to the inefficient hydrolysis due to high amylose content. Similar trend of low glucose formation with high amylose content was observed in an earlier study [21] . The initial plot of ethanol vs time (up to 8 h) provides a linear trend (Figure 4a ), slope of which was used to calculate the fermentation rate. All starches for conventional process showed good linear About 5 g/L and 1 g/L, glucose was left unconverted in case of dent corn and cassava, respectively; whereas complete conversion was observed for waxy corn and high amylose corn starch (Figure 3) . However, glucose released in the first 8 h is highest for cassava starch (119.5 g/L), indicating better breakdown of starch in to polysaccharides during liquefaction. In contrast, high amylose corn starch released least glucose during fermentation, which can be attributed to the inefficient hydrolysis due to high amylose content. Similar trend of low glucose formation with high amylose content was observed in an earlier study [21] .
The initial plot of ethanol vs time (up to 8 h) provides a linear trend (Figure 4a ), slope of which was used to calculate the fermentation rate. All starches for conventional process showed good linear fit for first 8 h of fermentation. For GSH process, high amylose corn was the only starch that did not fit the linear plot (R 2 = 0.47), where other fits could be investigated. The fermentation rates of all four starches are shown in Table 2 . Highest fermentation rate was observed for cassava starch (0.965), followed by high amylose corn starch (0.931). During the initial hours of fermentation, the fermentation rate of cassava is observed to be statistically higher than that of dent corn. Despite low final ethanol concentration, high fermentation rate for high amylose corn starch can be due to the better functioning of the yeast in presence of low glucose concentrations.
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GSH Process
The ethanol and glucose profiles for all four starches during GSH process are shown in Figure 6 . Similar to the conventional process, the final ethanol concentrations for cassava starch (127.9 g/L) with GSH process was similar to dent corn (122.6 g/L) and waxy corn (126.9 g/L). High amylose corn starch was found to yield lowest ethanol concentrations (22.6 g/L), due to the inefficiency of enzymes to cleave the bonds of long polymeric chain of amylose. Similar final ethanol concentration for high amylose corn starch (17.3 g/L) were observed by Sharma et.al. [21] . The ethanol concentration for high amylose corn during GSH process was found to be about 79% lower than that for conventional process. This can be attributed to the fact that the hydrolysis in this case was inefficient. Unlike conventional process, GSH process is carried out at low temperatures, which is not sufficient to break the hydrogen bonds. Since the enzymes need a certain length of amylose/amylopectin polymer to attach and cleave the bonds, the amylose in this case was inaccessible to the enzymes. 
The ethanol and glucose profiles for all four starches during GSH process are shown in Figure  6 . Similar to the conventional process, the final ethanol concentrations for cassava starch (127.9 g/L) with GSH process was similar to dent corn (122.6 g/L) and waxy corn (126.9 g/L). High amylose corn starch was found to yield lowest ethanol concentrations (22.6 g/L), due to the inefficiency of enzymes to cleave the bonds of long polymeric chain of amylose. Similar final ethanol concentration for high amylose corn starch (17.3 g/L) were observed by Sharma et.al. [21] . The ethanol concentration for high amylose corn during GSH process was found to be about 79% lower than that for conventional process. This can be attributed to the fact that the hydrolysis in this case was inefficient. Unlike conventional process, GSH process is carried out at low temperatures, which is not sufficient to break the hydrogen bonds. Since the enzymes need a certain length of amylose/amylopectin polymer to attach and cleave the bonds, the amylose in this case was inaccessible to the enzymes. Statistically, the final ethanol concentrations for dent corn, waxy corn and cassava starch were similar. For cassava starch, the final ethanol concentrations with GSH process was 2.8% higher than that from conventional process, which suggests that with this starch source, the GSH process can be used to obtain higher ethanol yields. GSH process occurs at lower temperatures than conventional process, and eliminates the liquefaction step, thereby reducing the energy and cost for bioethanol Statistically, the final ethanol concentrations for dent corn, waxy corn and cassava starch were similar. For cassava starch, the final ethanol concentrations with GSH process was 2.8% higher than that from conventional process, which suggests that with this starch source, the GSH process can be used to obtain higher ethanol yields. GSH process occurs at lower temperatures than conventional Energies 2018, 11, 3476 9 of 11 process, and eliminates the liquefaction step, thereby reducing the energy and cost for bioethanol production, which can be an added benefit for using GSH process for bioethanol production from cassava. In the current study, the final ethanol concentration with cassava starch (127.9 g/L) was higher than previously reported in literature [8, 19] .
In the case of the GSH process, the initial 8 h of fermentation had a linear trend of ethanol production with time for all starches, except high amylose corn starch (Figure 4b ). This could be attributed to the fact that no glucose was detected after 4 h in this case, and subsequently, no ethanol change was observed. High amylose corn starch, therefore had the lowest fermentation rate (Table 2 ). Similar to conventional process, cassava had the highest initial fermentation rates, which were statistically similar to that of dent corn.
In contrast to conventional process, higher sugars such as maltose, maltotriose and DP4+ were negligible in case of GSH process, due to simultaneous consumption of these sugars. Glycerol production, however, was observed in GSH process (Figure 7) . Concentration of glycerol at the end of the fermentation was highest and statistically similar for waxy corn and cassava. High amylose corn starch produced lowest glycerol, primarily because of incomplete hydrolysis and reduced amounts of sugars released for yeast consumption. With inadequate yeast growth due to lack of substrate, glycerol production is reduced [24] .
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Conclusions
This study investigated the bioethanol production potential of cassava in comparison with the most widely used bioethanol substrate, corn. Both conventional and GSH process were used to evaluate the fermentation profile of cassava starch along with three corn varieties with varying amylose: amylopectin ratio. The final ethanol concentration with cassava starch was similar to two corn starch varieties, dent corn and waxy corn starch, for both conventional and GSH process. Ethanol concentration with cassava starch for GSH process was 2.8% higher than that for conventional process. For both conventional and GSH process, the fermentation rate for the initial 8 h of conventional process fermentation was higher for cassava starch than any of the corn starch varieties. Overall, the fermentation profile of cassava starch, in terms of ethanol production and formation of glycerol, was similar to that of dent corn and waxy corn starch, which suggests the potential of cassava starch use for commercial production of bioethanol. 
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